Abstract Astrocytes are closely associated with Alzheimer's disease (AD). However, their precise roles in AD pathogenesis remain controversial. One of the reasons behind the different results reported by different groups might be that astrocytes were targeted at different stages of disease progression. In this study, by crossing hAPP (human amyloid precursor protein)-J20 mice with a line of GFAP-TK mice, we found that astrocytes were activated specifically at an early stage of AD before the occurrence of amyloid plaques, while microglia were not affected by this crossing. Activation of astrocytes at the age of 3-5 months did not affect the proteolytic processing of hAPP and amyloid plaque loads in the brains of hAPP-J20 mice. Our data suggest that early activation of astrocytes does not affect the deposition of amyloid b in an animal model of AD.
Introduction
Alzheimer's disease (AD) is the most common neurodegenerative disease. It is characterized by extracellular deposits of amyloid b (Ab) peptides and intracellular neurofibrillary tangles composed of hyperphosphorylated tau in the brain [1] [2] [3] . Numerous studies have demonstrated that the pathogenesis of AD is often accompanied by neuroinflammatory responses [4] [5] [6] [7] . Microglia and astrocytes are the main categories of cells involved in inflammation in the central nervous system. While extensive efforts have been made to investigate the roles of microglia in AD [4] , the association between AD and astrocytes has received relatively little attention.
Astrocytes are the most abundant cells in the central nervous system. Under normal conditions, astrocytes are key players in several physiological functions such as neurogenesis, synaptogenesis, synaptic pruning, neurotransmitter homeostasis, formation of the blood-brain barrier, and the regulation of local blood flow [5, [8] [9] [10] [11] [12] [13] . Under pathological circumstances, reactive astrocytes are either protective or detrimental, depending on the specific type of neurological disorder and different stages of the disease progress [4] [5] [6] . In AD brains, reactive astrocytes are frequently observed surrounding amyloid plaques [14] , but we do not know what the astrocytes do there. Previous in vitro studies have shown that astrocytes degrade Ab and amyloid plaques [15, 16] . These results have been supported by a recent in vivo analysis showing that inhibiting the activity of astrocytes by deleting GFAP (glial fibrillary acidic protein) and Vim (vimentin) results in increased Dongpi Wang and Xiaoqin Zhang have contributed equally to this work.
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The online version of this article (https://doi.org/10.1007/s12264-018-0262-2) contains supplementary material, which is available to authorized users. amyloid plaques in APP/PS1 mice [17] . A subsequent study, however, did not confirm these results in the same AD models [18] . On the other hand, selectively inhibiting the inflammatory signaling of astrocytes by AAV-delivery of VIVIT to disrupt the interaction between calcineurin and NFAT (nuclear factor of activated T cells) results in a reduced amyloid plaque load and improved learning and memory in APP/PS1 mice [19] . Reactive astrocytes in the hippocampus of APP/PS1 mice have also been suggested to account for the impaired memory by abnormally expressing and releasing c-aminobutyric acid (GABA) [20] . Furthermore, some in vitro studies have shown that exogenous Ab stimulates astrocytes to express pro-inflammatory mediators such as interleukin (IL)-1b, IL-6, tumor necrosis factor-a, interferon-c, and inducible nitric oxide synthase, which might promote neurodegeneration [21] . Astrocytes are also involved in Ab clearance [15, 22, 23] . Therefore, the precise roles of astrocytes in AD pathogenesis are far from clear.
In the present study, we found that astrocytes in the cortex and hippocampus of hAPP (human amyloid precursor protein)-J20 mice were activated by crossing hAPP-J20 with GFAP-TK (thymidine kinase) mice. This activation of astrocytes was restricted to 3-5 month-old mice. Interestingly, activation of astrocytes at this stage did not affect the amyloid plaque load or the enzymatic processing of hAPP in the brains of hAPP-J20 mice.
Materials and Methods

Animals
The hAPP-J20 mice were from the Mutant Mouse Resource and Research Center (Stock No. 034836, Davis, CA). This line of mice expresses hAPP with the Swedish (K670 N and M671L) and Indiana (V717F) mutations under the control of the platelet-derived growth factor bchain promoter [30] . GFAP-TK mice were from the Jackson Laboratory (Stock No. 005698, Bar Harbor, ME). Transgene-derived HSV-TK in these mice is present exclusively in cells expressing endogenous Gfap [10, 24] . hAPP-J20 mice were crossed with GFAP-TK mice, and male and female hAPP ? /GFAP-TK ? , hAPP ? /GFAP-TK -, hAPP -/GFAP-TK ? , and hAPP -/GFAP-TK -mice were used in experiments. All mice were maintained on a C5BL/ 6 J background. Animals were housed in a pathogen-free barrier facility with a 12-h light/dark cycle and ad libitum access to food and water. All experiments were approved by the Animal Care and Use Committee of Zhejiang University.
Immunohistochemical Staining
All immunohistochemical analyses were done blindly. The expression of GFAP and the plaque loads were assessed as described previously with modifications [32, 33] . Briefly, animals were perfused transcardially with 0.9% saline, and the brain was immediately removed and immersed in 4% paraformaldehyde. Coronal sections (30 lm thick, every 10th section) were cut on a sliding microtome (Leica,Wetzlar, DE) after the brain was saturated in 30% sucrose in phosphate-buffered saline (PBS). After quenching endogenous peroxidase activity by incubation with 3% H 2 O 2 in methanol, the sections were incubated with rabbit anti-GFAP (1:1000, Sigma, Temecula, CA), rabbit antivimentin (1:500, Abcam, Cambridge, UK), mouse antiS100b (1:500, Sigma, Temecula, CA), rabbit anti-Iba1 (1:200, Wako, Osaka, JP), or 3D6 (5 lg/mL, Janssen Research and Development, South San Francisco, CA) followed by biotinylated goat or mouse anti-rabbit antibodies (1:250, Vector Laboratories, Burlingame, CA). Binding of the antibody was detected using Elite kits (Vector Laboratories, Burlingame, CA) with diaminobenzidine (Sigma, Temecula, CA) and H 2 O 2 for development. Images were captured by a DEI-470 digital camera (Optronics, Goleta, CA). The relative numbers of GFAP-, vimentin-and S100b-positive neurons were determined by counting positive cells in the cortex in every 10th section. At least five coronal sections were analyzed per mouse, and the average of the individual measurements was used to calculate group means. Total plaque load was calculated as the percentage area of the hippocampus covered by 3D6-immunoreactive material.
Immunofluorescence Staining
Free-floating sections prepared as above were first blocked with blocking buffer (10% serum, 1% nonfat milk, and 0.2% gelatin in PBS containing 0.5% Triton X-100) and then incubated with the primary antibodies rabbit anti-GFAP (1:1000, Sigma, Temecula, CA), rabbit anti-Iba1 , and 1% Triton X-100) for 30 min at room temperature before incubation with blocking buffer (10% serum in 0.05% TBST). The morphology of GFAP-expressing astrocytes was analyzed from images captured on a confocal microscope (FV1000, Olympus, Tokyo, Japan).
Western Blot
Cortical and hippocampal samples were homogenized and sonicated at 4°C in RIPA buffer containing 10 mmol/L HEPES (pH 7.4), 150 mmol/L NaCl, 50 mmol/L NaF, 1 mmol/L EDTA, 1 mmol/L dithiothreitol, 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L Na 3 VO, 10 lg/ mL leupeptin, 10 lg/mL aprotinin, and 1% SDS. Equal amounts of protein (by BCA assay, Thermo, Waltham, MA) were resolved by SDS-PAGE and transferred to nitrocellulose membranes. After blocking, the membranes were labeled with rabbit anti-CT15 antibody (1:1000, a kind gift from Dr. 
Statistical Analyses
Statistical analyses were performed with Graphpad Prism 5 (San Diego, CA). Differences between two means were assessed using the unpaired, two-tailed t test. Differences among three means were assessed by one-way ANOVA. Only values that had P \ 0.05 were accepted as significant.
Results
Expression of GFAP and Vimentin was Increased in the Cortex and Hippocampus of hAPP-J20 Mice After Crossing with GFAP-TK Mice GFAP-TK mice are widely used to manipulate dividing astrocytes and neural stem cells with ganciclovir (GCV) treatment. Transgene-derived TK in these mice is present exclusively in cells expressing endogenous Gfap [24] , and GCV kills dividing cells expressing GFA [10] . Unexpectedly, however, we found that immunohistochemical staining showed that the number of GFAP ? astrocytes was dramatically increased in the cortex of non-transgenic (NTG)/ GFAP-TK ? and hAPP-J20/GFAP-TK ? mice without GCV treatment (Fig. 1A, B) . Interestingly, the increased expression of GFAP in the cortex of hAPP-J20/GFAP-TK ? mice was only found at 3-5 months of age (Fig. S1 ). Western blotting analysis showed that the GFAP expression was greatly increased in the hippocampus of NTG/GFAP-TK ? and hAPP-J20/GFAP-TK ? mice compared to that in NTG/ GFAP-TK -and hAPP-J20/GFAP-TK -mice (Fig. 1D, E) . Similarly, immunostaining and western blot analysis revealed that the number of vimentin ? astrocytes in the cortex and the expression of vimentin in the hippocampus were also significantly higher in NTG/GFAP-TK ? and hAPP-J20/GFAP-TK ? mice than in NTG/GFAP-TK -and hAPP-J20/GFAP-TK -mice (Fig. 1C, D, F ).
Increased Expression of GFAP and Vimentin in the Cortex and Hippocampus of hAPP-J20/ GFAP-TK 1 Mice was not Due to Proliferation of Astrocytes
Under normal conditions, astrocytes in the middle layers of the cerebral cortex do not express GFAP [11] . To determine why the GFAP expression was increased in the cortex of hAPP-J20 mice after crossing with GFAP-TK mice, the sections were stained with an antibody against S100b, another marker of astrocytes. The numbers of S100b-positive astrocytes in the cortex were similar in the hAPP-J20/GFAP-TK -and hAPP-J20/GFAP-TK ? mice (Fig. 2B, C) , suggesting that the increased GFAP expression was not due to increased numbers of astrocytes. Sections were then stained with an antibody against Ki67, a marker of cell proliferation. In the hippocampus, Ki67
? cells were mainly found in the subgranular zone of the DG (Fig. 2A) . However, no Ki67
? /GFAP ? cells were observed in the hippocampus and cortex ( Fig. 2A) , suggesting that astrocytes were not proliferating in these areas. The BrdU labeling results confirmed the absence of proliferating astrocytes in the cortex and hippocampus of each group of mice (data not shown), further indicating that the number of astrocytes was not increased.
Expression of Several Astrocyte Markers was not Changed in the Brain of hAPP-J20 Mice After Crossing with GFAP-TK Mice
Aldh1l1, GLT-1, GS, and CX-43 are abundantly expressed in astrocytes and play important roles in regulating their physiological functions [25] [26] [27] [28] [29] . To determine whether these factors were affected in the cortex and hippocampus of hAPP-J20 mice after crossing with GFAP-TK mice, we performed western blots to measure their expression in the hippocampus and cortex. The results showed no difference between hAPP-J20/GFAP-TK -and hAPP-J20/GFAP-TK ? mice in the expression of Aldh1l1, GLT-1, GS, and CX-43 in either the hippocampus or the cortex (Fig. 3) . Again, these data suggested that the number of astrocytes was not affected in the brain of hAPP-J20 mice after crossing with GFAP-TK mice.
We then analyzed the morphology of GFAP-expressing astrocytes by confocal microscopy, and frequently found hypertrophy of processes in the astrocytes of hAPP-J20/ GFAP-TK ? mice (Fig. 4) . Taken together, our results suggested that the increased expression of GFAP and vimentin in the cortex and hippocampus of hAPP-J20/GFAP-TK ? mice was caused by the activation but not the proliferation of astrocytes.
Iba1 Expression was not Affected in the Hippocampus and Cortex of hAPP-J20 Mice After Crossing with GFAP-TK Mice
We also checked the expression of Iba1, a marker of microglia, by immunostaining and western blotting in the cortex and hippocampus of hAPP-J20 mice after crossing with GFAP-TK mice and found no difference between hAPP-J20/GFAP-TK -and hAPP-J20/GFAP-TK ? mice (Fig. 5) , suggesting that microglia were not affected in the hippocampus and cortex of hAPP-J20 mice after crossing with GFAP-TK mice.
Activation of Astrocytes did not Affect the Amyloid Plaque Load and the Processing of hAPP in hAPP-J20 Mice
Astrocyte activation is closely associated with AD, and previous studies have shown that astrocytes affect the deposits of Ab [17, 19] . To test whether the activation of astrocytes in the early stages of AD affects the amyloid plaque load in the brain, we performed the free-floating immunohistochemical staining with 3D6, a monoclonal antibody to human Ab. Consistent with previous studies [30] , abundant amyloid plaques were observed in the cortex and hippocampus of 8-10 month-old hAPP-J20 mice. A similar amyloid plaque load was found in the cortex and hippocampus of hAPP-J20/GFAP-TK ? mice in which astrocytes were dramatically activated (Fig. 6A, B) , , and hAPP-J20/GFAP-TK ? mice (n = 6-10 per genotype; data represent mean ± SEM; ***P \ 0.001). F Quantification of the levels of vimentin in the hippocampus of 3-month-old NTG/GFAP-TK -, hAPP-J20/GFAP-TK -, NTG/GFAP-TK ? , and hAPP-J20/GFAP-TK ? mice (n = 6-10 per genotype; data represent mean ± SEM; *P \ 0.05, **P \ 0.01).
suggesting that activation of astrocytes at 3-5 months of age did not affect the deposits of Ab in hAPP-J20 mice.
To investigate the proteolytic processing of hAPP after the activation of astrocytes, we did western blot analysis with 6E10 and CT-15 to assess the hAPP and CTFs of hAPP, respectively. Similar levels of full-length hAPP, a-CTF, and b-CTF were found in the cortex and hippocampus in hAPP-J20/GFAP-TK -and hAPP-J20/GFAP-TK ? mice at both 3 ( Fig. 6C-F ) and 10 months of age (data not shown), suggesting that activation of astrocytes in the early stages did not affect the processing of hAPP. The BACE1 level was not affected by the activation of astrocytes either (Fig. 6G-J) .
Activation of Astrocytes did not Affect the Levels of PSD-95 and Synaptophysin in the Cortex and Hippocampus of hAPP-J20 Mice
Hippocampal lysates from hAPP-J20/GFAP-TK -and hAPP-J20/GFAP-TK ? mice at 3 months of age were analyzed for PSD-95 and synaptophysin expression by western blotting (Fig. 7) . Our results revealed that the levels were comparable to those of hAPP-J20/GFAP-TK -mice, suggesting that early activation of astrocytes did not affect the levels of PSD-95 and synaptophysin in the cortex and hippocampus of hAPP-J20 mice.
Discussion
Astrocytes are closely associated with AD [5, 14] . However, their roles in its pathogenesis are still controversial. There is evidence that reactive astrocytes secrete proinflammatory mediators to promote neurodegeneration in AD [21] . Reactive astrocytes have also been shown to disturb synaptic plasticity and cognitive functions by excessive release of glutamate [31] and GABA [20] in mouse models of AD. Consistent with these reports, downregulation of astrocyte activation decreases the amyloid plaque load and improves memory in AD mice [19] . In Fig. 2 Increased expression of GFAP and vimentin in the cortex and hippocampus of hAPP-J20/GFAP-TK ? mice was not due to proliferation of astrocytes. A Photomicrographs of immunofluorescence staining for GFAP and Ki67 in hAPP-J20/GFAP-TK ? mice (scale bar, 100 lm). B Photomicrographs of immunohistochemical staining for S100b in NTG/GFAP-TK -, hAPP-J20/GFAP-TK -, NTG/GFAP-TK ? , and hAPP-J20/GFAP-TK ? mice (scale bar, 100 lm). C Quantification of the number of S100b
? cells in the cortex of NTG/GFAP-TK
, and hAPP-J20/ GFAP-TK ? mice (n = 20-28 per genotype; data represent mean ± SEM).
contrast, other studies have suggested that astrocytes are protective by facilitating Ab clearance [22, 23] and degrading Ab and amyloid plaques [5, 15, 16] , while attenuating astrocyte activity worsens the amyloid pathology in AD mice [17] . Although there are multiple reasons behind the discrepancies regarding the roles of astrocytes in AD, one possible explanation could be that astrocytes are targeted in different stages of progress of the disease under different experimental circumstances. For example, astrocytes in the brain of AD mice before or after amyloid plaques appear exhibit dramatic differences in morphological features and functions [11] .
Here, we unexpectedly found that astrocytes in the cortex and hippocampus of hAPP-J20 mice were specifically activated between 3 and 5 months of age (before amyloid plaques appear) by crossing with a line of GFAP-TK mice [10, 24] . Meanwhile, microglia were not affected. We compared the amyloid deposits in the brains of 8-10 month-old hAPP-J20 mice with or without astrocyte activation and found no difference. Similarly, a recent report showed that inhibiting astrocyte activity in APP/PS1 mice by crossing them with GFAP -/-Vim -/-mice does not affect the amyloid plaque load in their brains [18] . These data suggested that the activity of astrocytes in early stages of the disease has no effects on Ab deposits in the brain of older mice. However, different stimuli may affect astrocytes in different ways, and different factors could be released or different signaling pathways could be activated ultimately [11] . Therefore, the possibility that other types of manipulation of astrocytes affect plaque load cannot be excluded at the moment.
Neuroinflammation is a prominent feature of AD [4, 6] . We did find GFAP-expressing astrocytes and Iba1-expressing microglia surrounding the amyloid plaques in the brains of 8-10 month-old hAPP-J20 mice (data not shown). However, GFAP expression in the hippocampus and cortex was similar in hAPP-J20 and non-transgenic mice before plaques appear, although the levels of soluble Ab are already very high [30] . Our data suggested that fibril Ab but not soluble Ab induces the activation of astrocytes in hAPP mice.
Taken together, we have discovered a specific method to activate astrocytes in the cortex and hippocampus of hAPP mice at an early stage of the disease. Our results indicated that early activation of astrocytes does not affect the proteolytic processing of hAPP and the amyloid plaque load in the brains of hAPP mice. , and hAPP-J20/ GFAP-TK ? mice (n = 3 per genotype; scale bar, 10 lm). ? mice (n = 6 to 10 per genotype; data are mean ± SEM).
